The natural course of pheochromocytomas (PCC) cannot be predicted for certain on the basis of primary histology, their malignant character can only be confirmed by the occurrence of metastases during follow-up. Based on the recently proposed PASS score for evaluation we examined 37 adrenal (36 sporadic and one familial) and six sporadic extra-adrenal paragangliomas (all designated as pheochromocytomas) with a 'malignant histology' to find additional predictive factors. Drawing upon the follow-up (18 months to 12 years, mean 5.8 years) metastasized (n ¼ 20) and nonmetastasized (n ¼ 23) courses could be distinguished. Metastasized PCC revealed significantly (P ¼ 0.03) more copy number changes on comparative genomic hybridization (CGH) (mean 8.3) than nonmetastasized tumors (mean: 4.3). The most frequent chromosomal alterations were losses on 1p (75.6%) and 3q (44%). Both were detected with identical frequency in metastasized and nonmetastasized PCC. A gain on 17q (P ¼ 0.025) was significantly predominant in malignant courses and suggests similarities in the genetic origin and progression of PCC and neuroblastomas. The proliferative activity (MIB-1 score) of metastasized PCC (n ¼ 20) was found to be significantly higher in metastasized tumors (mean 12.8% vs mean 3.5%). In contrast, the semiquantitatively scored membrane-bound staining of CD 44-S was stronger in tumors without metastases (mean 2.1 vs mean: 0.25) during the follow-up period (Po0.01). Although the results correspond to the established weight differences the tumor weight does not appear to be an independent prognostic factor. Our study suggests that CD 44-S and MIB-1 immunostaining as well as the CGH results might complement the PASS score in predicting a metastasized course of PCC. Regardless of tumor weight, tumors with a 'malignant histology' are highly prone to metastasize when more than 5% of MIB1-positive nuclei are present or CD44-S immunostaining is negative, or both. PCC with 10 or more copy number changes on CGH must be referred to as malignant tumors. The safe distinction between benign and malignant pheochromocytomas (PCC) is an unresolved dilemma beleaguering diagnostic pathology to the present day. In most cases the decision is therefore based on the occurrence of metastases as the only proof of malignancy. Recently, Thompson 1 proposed an adrenal gland scoring scale (PASS) capable of determining malignancy solely on the grounds of conventional histological criteria. Within the framework of this scoring scale, less prognostic importance is attributed to vascular and capsular invasion (with a score of 1 point each) than to growth pattern, necroses and characteristics of proliferative behavior (high cellularity, cellular monotony, more than three mitoses/10 HPF and the occurrence of atypical mitoses). These characteristics each have a score of two points).
The safe distinction between benign and malignant pheochromocytomas (PCC) is an unresolved dilemma beleaguering diagnostic pathology to the present day. In most cases the decision is therefore based on the occurrence of metastases as the only proof of malignancy. Recently, Thompson 1 proposed an adrenal gland scoring scale (PASS) capable of determining malignancy solely on the grounds of conventional histological criteria. Within the framework of this scoring scale, less prognostic importance is attributed to vascular and capsular invasion (with a score of 1 point each) than to growth pattern, necroses and characteristics of proliferative behavior (high cellularity, cellular monotony, more than three mitoses/10 HPF and the occurrence of atypical mitoses). These characteristics each have a score of two points).
In recent reports on adrenal and extra-adrenal PCC a number of chromosomal aberrations were discussed with a view to their possible involvement in tumor progression or malignant behavior. [2] [3] [4] In those studies, the number of malignant adrenal PCC investigated was low (four, respectively, 10 sporadic malignant adrenal PCC) and the PASS scale had not yet been introduced.
Sporadic PCC are particularly suitable for analysis of chromosomal aberrations potentially important in tumor progression, because they are not affected by the well-established genetic aberrations of hereditary PCC that only occur extremely rarely in sporadic PCC. [5] [6] [7] [8] Moreover, the biological behavior of PCC has been analyzed in various immunohistochemical studies. [9] [10] [11] [12] Unlike the mitotic count, which was found to be useless for predicting the malignant behavior of PCC, 13 the expression of Ki-67 is of prognostic significance.
14, 15 The expression of membrane-bound surface glycoprotein CD 44 in both the standard (S) form or its isoforms seems to be associated with invasive growth and development of metastases. 16 However, the published results of CD 44 immunohistochemistry in various human tumors are too controversial to allow uniform predictive interpretation. [17] [18] [19] [20] Although CD 44 is associated with the degree of cellular differentiation in various endocrine tumors, if not with malignancy, 21 membrane staining of CD 44 was described to be associated with a better outcome in neuroblastomas. 22 Unfortunately, a systematic CD 44 immunohistochemical analysis of PCC with longterm follow-up has not yet been undertaken. This study focuses on PCC that were diagnosed as 'malignant' in primary histology and fulfilled the PASS criteria of malignancy after re-evaluation. The aim of this study was to explore the potential of cytogenetical or immunohistochemical methods to distinguish metastasized from nonmetastasized PCC with reference to an analysis of the follow-up. In such a way the purely conventional histology (PASS) might be reinforced with prognostic information of predictive value.
Materials and methods

Light Microscopy and Immunohistochemistry
Formalin-fixed and paraffin-embedded material from surgical specimens of 42 sporadic and one familial PCC (37 adrenal and six extra-adrenal) was investigated ( Table 1 ). All tumors that had been classified as malignant PCC in primary histology were independently re-evaluated under light microscopy (hematoxylin and eosin (H&E), PAS, E.v.G. stains) according to the PASS score proposed by Thompson 1 by two investigators (CA; KA). Immunocytochemical staining was carried out using antisera against CD 44-S and CD 44-V6 (both Novocastra, monoclonal, microwave pretreatment, 1:50) and MIB-1 (DAKO, monoclonal, autoclave pretreatment, 1:50). Following the application of the bridging antibody against mouse the MIB-1 immunoreactivity was determined by peroxidaseantiperoxidase (PAP); CD 44-S and CD 44-V6 were determined using an ABC Kit (Vector Lab., Burlingame).
Quantitative Evaluation of Immunostaining
The membrane-bound immunostaining of CD 44-S was independently scored semiquantitatively by the above-mentioned investigators, using the following score: (0 ¼ negative, 1 þ : o10% stained tumor cells, 2 þ : 10-50% stained tumor cells, 3 þ : 450% stained tumor cells, 4 þ : 100% stained tumor cells). The nuclear MIB-1 immunostaining was evaluated semiquantitatively. The mean of stained nuclei of 10 high-power fields was correlated with the mean nuclear content in the same region. The results were rounded in that only increments of more than 5% were registered.
Comparative Genomic Hybridization (CGH)
In all, 41 tumors were analyzed by CGH, as described previously. 23, 24 DNA was isolated from paraffin sections (10 mm) by proteinase K digestion followed by phenol-chloroform extraction according to standard protocols. Tumor-DNA was labeled with biotin-16-dUTP (Boehringer, Mannheim) and reference DNA from a healthy male donor was labeled with digoxigenin-11-dUTP (Boehringer, Mannheim) in a standard nick translation reaction. The DNAse I in the labeling reaction was adjusted in order to reveal an average fragment size of 500-1000 base pairs. Labeled DNA fragments were purified from remaining nucleotides by column chromatography (Sephadex G50).
Only metaphase spreads showing even highintensity hybridization with less granules were taken into account. Corresponding ratio profiles were evaluated only if the 95% confidence limits did not exceed 0.15. The 50% thresholds (upper threshold 1.25, lower threshold 0.75) were applied to define the chromosomal regions of DNA sequence losses or gains. Independent confirmation of chromosomal aberrations has shown that these thresholds are reliable and eliminate the possibility of false-positive results. 24 The consistency of these aberrations has been confirmed by previous reverse-CGH experiments (tumor DNA labeled with digoxigenin; reference DNA labeled with biotin). Each CGH experiment included a control hybridization of FITC and rhodamine labeled normal DNA to each other.
Statistical Analysis
The scored immunohistochemical results and the numeric results of CGH in correlation to the clinical follow-up were analyzed using the Mann-Whitney Pheochromocytomas: CGH and immunohistochemistry C August et al 
Results
Clinical and Macroscopic Results
The study included 43 patients (26 male and 17 female, aged between 17 and 80) with adrenal (n ¼ 37) and extra-adrenal (n ¼ 6) PCC. All 42 tumors had occurred sporadically without any association to hereditary syndromes. In one patient (Table 1 , no 43) with bilateral PCC who had originally been reported to show no signs of hereditary pathogenesis, a ret 634 mutation according a MEN 2A syndrome was detected in the meantime. During the follow-up periods ranging from18 months to 12 years (5.8 years). In all, 20 tumors developed metastases as opposed to 23 nonmetastasized cases. Clinical data including macroscopic findings is summarized in Table 1 . All six extra-adrenal PCC showed metastatic spread. The occurrence of metastases in the follow-up period was related to tumor weight. Ranging from 11 to 1800 g, the tumor weight of metastasized PCC (mean: 395 g) was significantly higher than that of nonmetastasized tumors (mean: 75 g, Po0.05). Of the metastasized PCC 75% weighed more than 100 g. Tumors whose weight amounted to or exceeded 100 g were significantly more prone to metastasize (Po0.05).
Light Microscopy
All tumors including those with extra-adrenal localization were examined using the PASS-score. Vascular or capsular invasion and nuclear pleomorphism scored one point, growth pattern, cellularity, mitoses counts exceeding 3/10 HPF and infiltration of adipose tissue scored two points according to Thompson. 1 The results are demonstrated in Table 1 . Tumors which upon re-evaluation had a score of at least four points were regarded as malignant. More than 90% of all tumors showed a characteristic pattern with solid nests of cells (Figure 1a) . The remaining PCC were solid tumors 
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C August et al with in some cases marked nuclear irregularities (Figure 1b) . A neuroid or neuroblastoma-like pattern ( Figure 1c ) was only rarely found. Tumors of both groups frequently showed blunt margins and invasive growth into the vessels and capsule (Figure 1d ).
Comparative Genomic Hybridization
In all, 41 tumors were examined by CGH. In two cases the isolation of DNA could not be accomplished. Chromosomal imbalances were detected in 39 cases. Two PCC revealed no evidence of the presence of unbalanced chromosomal alterations. The number of genetic alterations ranged from 0 to 18. The most frequent losses were found on chromosome arms 1p (75.6%) and 3q (44%; Figure  3 ) followed by losses of 22q (29.2%), 11q (22%), 6q (19.5%), 11p (17%) and 21q (17%). Gains were observed predominantly on 17q (36.6%), 20q (22%), 7p, 9q and 12q (all 14.6%). Among extra-adrenal PCC, chromosomal losses on 1p (4/6), 1q (3/6) 6q (2/6) and 11p (2/6) were most frequent.
CGH Alterations in PCC with Benign and Malignant Courses
Metastasized tumors showed significantly (P ¼ 0.03). more genetic alterations (range: 2-18; mean 8.3) than cases without any occurrence of metastases (range: 0-8; mean 4.3) during the followup (Figure 2 ). PCC with 10 chromosomal aberrations or more (n ¼ 8) developed metastases without any exception (100% of cases). PCC with more than eight genetic alterations (n ¼ 14) showed metastasized courses in 85.7%.
An overview of the frequency of numeric chromosomal gains and losses and their distribution between both groups of the biologically divergent follow-up is shown in Figure 3 . Losses on 1p and 3q were found to be the most frequent numeric chromosomal alterations. They were evenly distributed between metastasized and nonmetastasized PCC. Equally, losses of 8p, 11p, 11q, and 22q occurring in 15% to nearly 30% of the cases showed no significant prevalence in metastasized courses. The loss of 9p in 9.7% of cases (see Table 2 ) was found exclusively in metastasized courses (P ¼ 0.048). 
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Gains of genetic material that were significantly more frequently associated with malignant courses were found on 17q (P ¼ 0.025) 12q (P ¼ 0.009) and 20q (0.048). Gains on 7p, 9q, 12p and 12q were observed predominantly in tumors displaying 10 or more copy number changes.
Immunohistochemistry
Immunohistochemical findings are also summarized in Table 2 . Significant differences in nuclear MIB-1 staining (Figures 4 and 5 ) between metastasized (range: 6.7-19.0, mean: 12.8) and nonmetastasized PCC (range: 3.3-4.6; mean 3.5) were observed (P ¼ 0.015). The presence of more than 5% MIB-1-stained nuclei were associated with malignant courses in 85% of cases ( Figure 5) . A total of 25% of metastasized PCC contained more than 10% positive nuclei. All nonmetastasized PCC revealed less than 5% MIB-1-stained nuclei.
CD 44-S reactivity was only recorded as positive in the event of a membrane-bound pattern of immunostaining. Immunoreactivity with CD 44-S (Figures 4d and e and 6 ) was significantly higher in nonmetastasized PCC (range: 0-4; mean 2.1) than in metastasized courses (range: 0-3, mean: 0.25) during the follow-up period (Po0.01).
There was no detectable reactivity with antibodies against CD 44-V6.
Correlation between Immunohistochemical and Cytogenetic Results
All eight tumors displaying more than 10 chromosomal aberrations (average weight: 259.6 g). were Pheochromocytomas: CGH and immunohistochemistry C August et al characterized by completely negative reactions with antibodies against CD 44-S. 62.5% of these tumors showed more than 10% of MIB-1-stained nuclei.
Discussion
This study evaluates the relationship between several clinical, histological, immunohistochemical and cytogenetic features of PCC with the aim of predicting the development of metastases more accurately. To this end a well-defined series of 43 PCC with a 'malignant histology' according to the PASS score was investigated. 1 One case included in the series has in the meantime been identified as MEN 2A associated. All other tumors can be defined as sporadic ones without any signs of hereditary disease. In all, 20 patients developed metastases during the follow-up (range 18 months to 12 years, average 5.8 years). The aim of our study was to distinguish tumors of both groups, although it cannot be ruled out that patients as yet without metastases may develop them at a later stage.
In this series metastasized and nonmetastasized PCC can be easily distinguished on the grounds of tumor weight. Tumors whose weight amounted to or exceeded 100 g showed metastases with significantly greater frequency (Po0.05). Of metastasized PCC 75% weighed more than 100 g. Nevertheless, the threshold of 100 g was not defined as a cutoff point in metastasized courses because there is a large overlap with malignant lesions as small as 22 g and benign ones that weighed 280 g. This fact supports the generally accepted observation that tumor weight is not an independent prognostic marker in PCC. 1 The most important aim of this study was the characterization of chromosomal aberrations on CGH and their correlation to clinical courses. Metastasized tumors showed significantly more copy number changes than tumors that did not develop any metastases during the observed followup (8.3 vs 4.3). Losses of 1p and 3q recently detected in PCC 2, 3 were the most frequent chromosomal alterations in our study. They occurred in both groups with similar frequency. Therefore, they may be indicative early events in the tumorigenesis of sporadic PCC. However, these lesions probably are of less importance in view of progression to malignancy.
In neuroblastomas as the classical adreno-medullary tumor of childhood, a patient-tailored prognosis and treatment can be made based on genetic features. 25 Our PCC results were similar to neuroblastoma with a prevalence of losses on 1p and gains on the distal end of 17q. The gains of 17q never reported before in PCC emerged as the most important genetic result in our study. We found a significant correlation between gains of 17q and the occurrence of metastases in PCC. This was further confirmed in recent studies of neuroblastoma according to which accumulation of genetic material on 17q is associated with an adverse outcome. 26, 27 Losses of 1p were not only found in adrenomedullary but also in various other solid human tumors of adreno-cortical 28 or other origins. 29 Changes on the short arm of chromosome 1, that might be important in sporadic and hereditary PCC, were localized investigating restriction length fragments. These revealed losses of heterozygosity in 1p31-36 2,30,31 which might be indicative of an inactivation of tumor suppressor genes in this segment. The suppressor gene p73 on 1p 36 32 which in neuroblastomas is clearly associated with a poor prognosis 27 seems to be of lesser importance in PCC. 2 In this study, gains on 12q (6/0) and 20q (7/2) and losses of 9p (4/0) were found in 10-22% of all cases with a statistical predominance in metastasized tumors. However, these results are not strong enough to support a definite correlation and need to be confirmed by further investigations.
In contrast losses of 8p, 11p, 11q and 22q that were identified with a frequency ranging from 15% to nearly 30% were not statistically associated with metastasized spread.
Our results do not confirm that alterations on chromosome 11 are of particular importance for distinguishing between metastasized and nonmetastasized courses, as suggested assumed by Edströ m et al 2 In our study, losses of 11p and 11q occurred with identical frequency in both groups of PCC. Moreover, our results did not confirm the hypothesis of Dannenberg et al 3 that a loss of 6q is an important event in tumor progression. In our study, losses of 6q were predominantly associated with nonmetastasized tumors. A loss of 17p where the p53 gene is localized was only detected in six (6/8) of nonmetastasized and two (2/8) of metastasized PCC.
In this series, the presence of 10 and more copy number changes within a single tumor was always associated with the development of metastases at a later stage. The presence of eight chromosomal aberrations was associated with the occurrence of metastases in 85% of cases. Since 60% of the metastasized tumors that weighted less than 100 g showed less than six chromosomal aberrations on CGH, we assume that genetic instability linked to tumor size and weight may be a sign of tumor progression, however, tumor progression may also be influenced by other mechanisms. Therefore, the occurrence of less than five chromosomal aberrations does not necessarily preclude development of metastases at a later stage.
Our results demonstrate the value of MIB-1 immunostaining as a tool for distinguishing between metastasized and nonmetastasized PCC independent of their respective weight. The metastasized tumors generally showed a proliferative activity of more than 5%. All metastasized PCC that weighed less than 100 g revealed at least 5% of MIB-1-stained nuclei. The proliferative activity seems to be of prognostic significance irrespective of tumor weight. In other studies a lower mean MIB-1 index threshold of 2.5% of stained nuclei between benign and malignant PCC was reported.
14 CD 44 is a cell surface glycoprotein, that mediates adhesive properties and junctions of various cells. Our study clearly demonstrates the beneficial importance of membrane-bound CD 44-S in PCC ( Figure 6 ). In contrast, the absence of CD 44-S was significantly associated with metastasized courses even in those tumors weighing less than 100 g. These findings corroborated similar results for neuroblastomas according to which CD 44 expression is associated with a better prognosis. 22 Tumors deriving from the neural crest in general appear to be influenced by expression of CD 44-S. Following an aggravation of cohesive features among tumor cells their potential to generate metastases may decrease with expression CD 44-S on the cell surface. Interestingly, expression of CD 44-V6 was not reliably confirmed in this series.
In conclusion, numeric chromosomal aberrations on CGH and immunohistochemistry of CD 44-S and MIB-1 enable predicting the likelihood of metastases in PCC with 'malignant histology' with greater accuracy, if they are performed in addition to the conventional work-up of tumors according the PASS score. MIB-1 and CD44-S immunohistochemistry are techniques that can be easily applied. CD 44-Snegative PCC with more than 5% of MIB-1 stained nuclei and/or tumors with 10 or more chromosomal aberrations on CGH are prime candidates for later developing metastases, regardless of tumor weight.
The chromosomal gain of 17q is an additional cytogenetic marker that in this study emerged as an important indicator of the biological behavior of PCC and suggests similarities with the genetic pathways of tumor progression in neuroblastoma. Further studies are required to define genetic markers for prognostic purposes in PCC. It will therefore be necessary to narrow down the critical chromosomal regions and to characterize the putative genes involved in tumor progression of sporadic PCC.
